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This technical report has been prepared from a thesis submitied by Allan
K. Russell in partial fulfillment of the requirements for the Degree of Master

of Science in the Department of Physics in Brown University, entitled.

Low Energy Electron Diffraction from

a Single Crystal of Iodide Titanium.

) The report was written by Allan M. Russell under the supervision of H. E.
Farnsworth. The experimental work was performed by A. M. Russell and T. H.
George, under the supervigion of R. E. Schlier and H. E. Farnsworth. The photo-
graghs of the apparatus and the photomicrographs of the crystal were taken by

Professor Carl W. Miller of the Department of Physics in Brown University.
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E INTRODUCTION

¥ ;

7 An Historical Introduction In 1924 de Broglie 1ntroduced the iLypcthesis

¥ _—

2.

,-;:', ‘ to Electron Diffraction that the wave particle dualigm, which had been
4

P

applied to radiant energy in order to expiain

7 e

;; such experimental observations as the Compton effec” and the photoelectric effsct,
i could also be applied to particles such as electreons or molecules. Since a
X
i group of waves; under the influence of dispersion, interact to form a wave pack-
w et with a velocity far less than the velocity of the component wave, 1t was sug-
gested that a wave packet be used to represent a particle moving with a velocity
_. equal to the group velocity of the waves, which is the velccity of the wave
\J packet.
\ :
v Utilizing this hypothesis, but following the non-relativistic analysis du2
’ i to Schrbdinger:L; cne may write
%
" v ? = - él_ !
{ w=u - )53 (1
H
,w ‘ where u' = group velocity, A = wave length, u = wave velocity and
1“ _ E=hv = émv2 + V(x,¥,2), {2)
k-
-1 where E x total energy of particle, h = Planck's constant, ¥ = frequency, m = 1
: particle mass;, v = particle velocity and V = potenzial energy of paruicle. 1
3
B Substitvting w = AV into (1) gives |
% |
! - . 1
=) 1 A% 2 UV |
< 1 = . — \ = - Y Tl Sy ‘ (3) 1
Y - w = AV ASE (AV) = AV - AV -2 Fm = - N 5
t
;: v The differentiation of (2) with respect to ~ , helding x, y and z constant, yields
gy Jdv
h Z= =mv Z-, (z)
‘ d ) |
% By combining {3) and (4) ore obtains
%
.
R T A Y A N R o ™ e ™ T T T T A S T e e e S T T e e e e
%ﬁﬁ%’qﬁ AR *"" A M AT A R ’
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- équal to Planck's constant.

s bg‘gxhibited by particles. It should be noted, however, that any diffracticn

e P

=Y T W e v Wy
VLRI
AV

But from the hypothesis u? = v. The above equation may be written in the form

C)Y: - »hn_,p ° (’“‘7
23 m A<

Integrating (.) and setting the constani of integration equal to zerc one
obtainsg

v = il or p =-% 0 (6)
m *

where p is the momentum of the particle.

-

Thus the de Broglie wave length associated with a particie is inversely pro-

bortional to the momentum of the particle with the constant of proportionality

If the wave character of particles was %o be admitted 1i seemed reasonable

to expect that wave properties such as diffracticn and interferenze shouid alsc

*grating" would require a spacing of the order of atomic dimoaszons sinee the

. s ! N
wave lengths involved are so small (for 100 voii elecirons, = L.22&5.
J

-

.This difficulty, however, had been surmounted & decade earlier by laue.
When faced with the problem of diffracting X-rays, laue used the regnlar arrange-

ment of atoms in a crystal as a grating whose spacing was on the order cf an ang-

strom. It is not sui'prlsingy therefore, that the first evidenze of particle dr1f-
fraction, obtained by Davisson and Germer in 1927, utilized essentially the same

principle.

Davissen and Germer< directed a beam of low voliage eilecirons onlo <he ¥

DY)

ce

of a nickel crystal, and measured the intensity (number) of reflected elcctrons
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i as a function of the angle of reflection. They found what in-eusitly pesk. exrsied
& _at certain angies of reflection and that the angular pos.vioc. c¢7 the peaks

depended upon the orientation of the atoms in the crystal and she znerpy of

K the incident besam. This can be shown by utilizing the Bragg-lasw £ X-ray
Tl reflection:
N} =4dsin6, (7)

where N = order of reflection, )‘= wave length of inciden® beam, 4 = spating be-

tween atomic planes in the crystal and 6 = angic of refiezied beam. But for

S ~ an electron whi'th hae been accelerated through a voltags V

KON _ 2 meV
: p w MV = h s
R 300
1 .
. where m = mass of electron and e = charge on electren. Substituring this value

of p into (6), and solving forA, ong obtains

hon [T -

meV

, “ir )\ is exprassed in angstrcms, this equation becomes

o The substitution of (8) into (7) and the consideration of only firs% order

¢ reflections (N = 1) yields

. o g
S = ;129 O = sip ~= - © 150 '
w' d sin & = V T or sin 4 t/ EL (9)

The experiment of Davisson and Germer substantiates This resul: and, there-

o

fore; the original hypothesis of de Broglie.

T

~

Applications of lLow-energy Investigation has shown ihait low-ererg
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distance into a metal crystal, It has; in fact, bein concluded on mhe tasis of
" ';xperimenzj, that 90% of the reflected beam is due to the first fwe layers of
| dtoms on the surface of a silver crystal. This differe markedly from the ana
logous situation for X-rays where the radiation penetrates far .nto the intericr
of.a metal crystal. For this reason, one of the principle uses cf low energy
electron diffraction has been the study of the surface siructure ¢f melal single
Qnysﬁalso
. 2 :
. ?he results obtained by Davisson and Germer in their crigi..al experimert show
that the position and intensity of diffraction maxama depend %c a great extent |
upon the amount of adsorbed gas on the surface of the crystai. Thuis 1s strik-
ing;y apparent when one considers that in order to obtain any dilffra.tion team

!
at all the crystal must be heated for long periods of time in a vacuum sc that i

the bulk of the adsorbed gas is removed.

.. This sensitivity to surface gas structure is preciself the characterist.c
that makes Iof anergy elsctro» Aiffraction techniques so valuzble. Before ex- é
1t§nsiv§ low energy diffraction studies had been made there was much d:ukt as to
the very existence of an adsorbed gas structure. Many acthoriiies held that *he

gas atoms were distributed in a random fashion over the surface

Earlier work in this 1aboratory4 has confirmed ihe existerce cf delirate

préferred orientations, for oxygen and nitrogen afoms on the curface .2 - copper

‘3inglé. eiystalo . ;

" Low evergy electrons have been used also to investigate the str.ctures of
$hin fnetal films evaporated onto the surface of a single srystal of the s3me or
of a different metal’. Inthis way 1t 1s possible to determine thz effect of the

underlying crystal lattice on the arrangement of atoms 1u ihe film.
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' The Objectives of Titapium, the .2setal investigated in ‘this experimert, is 5
== 2 : i
;Q e this Investigation silvery-white in its pure form, has a sireng+h cumpsrable
- to iron, and is considerably lighter (Sp.G. = 4.5, as com-
5
pared to 7.9 for iron and 2.7 for aluminum). It has a high melting peint {1800 C I
. . . o
. as compared %6 1535°C for iron and 660%¢ ror aluninum) and 1s sorrosiu. resistant
« v
N 1
H . " ¥ X ‘
fy under average conditions. i
S
’ It is believed that this passivity is intimately cornected with the adsorp
.'tion of gases on the surface of the metal. One of the ultimate aims of this in-
vestigation will be to examine the adsorvtion phencmena and attempt tu correlate i
o N < i
W ! 3 . L. Lo .
( . these with a -passivity mechanism,
iy ‘ Before any controlled investigation of adsorption phenomena could be zarried
. out; hovdver, it was necessary to determine with what success the adsorbed gases
by . - . ]
T “-60uld be removed, and to study the diffraction resulis obtainsd from the titan-
Loy B
e . . . . ]
dum crystal itself, This, therefore, was the first objective cf this investi- i
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THE TITANIUM CRYSTAL

»g' ’ The HeXagona; Close~ Before an analysis of the theoretizal diffraction pat-

'i.iﬁlﬁ : Packed Structure tern can be made, a detailed knowledgs ¢l the crystal

| is required. Fortunately, this has already been a-

W@i ' ‘chievéd in the casé of titanium. Reference to X-ray crystallographic data shows
that titanium has two structuresg alpha titanium which 15 hexagonal close-

“packed, and beta titanium which has a body-centered cubic structure. Since the

transition from the glpha phase to the beta phase takes place at 850009, only

TR
Yo

e
KL

SEEA

X
et

the: alpha structure is considered in this investigation.

The hexagonal close~packed structure can be visualized most easily by

% iz { A
A '

S

considéring the problem of packing many spheres of the same size into a large

s
falond

bax so that as many spheres as possible can be accommodated. After the first

BTSN Ty

PR

0

layer has been‘plaéed, it will be apparent that each sphere has six nearest

2
i
&

o I S
‘:.:&5:“
-
.

. neighbors and that the whole array exhibits six-fold symmetry. As the second
Jayer commences it will be clear that the same arrangement is being repeated,

' with each sphere~ré§%ing directly above the space between three spheres in the

1owér‘19ve1o When the disposition of the third layer is considered, there will

L . ¢
%%; ¢ ‘be 4 -¢hoice between placing the spheres of the third layer directly over those
) ,

in the first, or placing them not over those in the first layer. In either case

BE

the third layer will bear the same relation to the second that the second beats

” to the first. If the second choice is made the result will be a face centered

o ' cubié arrangement, bubt if the third layer is placed direcily over the first, the
a1 ‘ -

?ﬁi gpheres will be an hexagonal, close-packed array (see figure 2).

Since an arrangement of this kind exhibits six-fold symmetry it lends ite
o5 ;y" “sglf to representation in a non-orthogonal coordinate system with four axes.
Such a representation is illustrated in figure 1. The set of atums and bonds,

_symbolized by spheres and lines, corresponds to a unit cell of the cryctal.
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The index of a crystal plane is represented by the reciprezul .f 1tz iatersect

: ion’wiﬁh-each of the four axes (reduced, as usual to the four smalles” integers
having the same ratios). For example, the four spheres .o the sxireme r.ght of
3 fﬁf ' figure 1 represent a plane whose indices, in the order (X¥UZ), are (Oizi) The
14 «
bér over the third index indicates that the plane crosses at a negative value of

U. This system of indexing is called the Miller-Bravais system.

. Physical Constanis of The spacing between atoms of an hexagonal crystal is
” . the Tlnanium Cr risial completely determined by two dimensions: A the dis-

o tance between two adjacent atoms 1n the same plane,
and B - the distance between odd planes (see figure 2). Crystallcgraphoc X ray

data gives the values for these constants as

Y

= 2.950 angstroms, C = 4.683 angstroms.

< <« For the ourpose of analyzing X-ray pholographs used =5 orient tre crystal,

4

¥

it is neﬁesga*y to calculate the angles between ylanes fer titagium. The only

S

’planes con31dered in the calculations were the ten most prominent, as listed for

other hexagorial crystals®,

iy

47

"O(

L

The angle between #wo crystaii.graphi. plancs may be

oy

D h«expreégeﬁ 8§ follows'. g
RN a : 34 - 4 :

} hyh, + k1k2 + 1/2 (hky + hokq) v Ll |
[ N v GOS ¢' = = . N - . N N N N o 1

.,: - . .thl? + k12 + kg +'§%§ 1;2) =€P22 b d; & bk, + .%é :22)
4

The: resulfs of the calculations are given in tabls 1.
i ¥

The Preparation, The titanium single crystal used in this investigatiun was

s

of the Crystal obtained from the New Jersey Zinc Company ‘hrougn Waterwewn

” ‘Arsenal. It was grown by the New Jersey Zin: Company using

the strain-anneal method. This may be described briefly as foil.w. An ing:®

3 T, T TR AT T A T AT T T T T . . e -
B ". “.:vr DY ',’- ot 74 f. o ., r— Pt '..; T T T N .- KA R IR R
Z VL a PRAC Y eIt t X P . " .
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TABIE 1 ANGIES BETWEEN PLANES FOR ALPHA T, TANTUM
B ‘
- . (c.p. hexagonal)
N ;
g 4 (c/a 1.588)
i0i0 0001 10T 20l2 180 1013 1122 2031 10l: 2023
@ 1010 00.0 90.0 28.8 47.5 30,0 58.6 42.8 14.8 65.4 29.2
: 6000 6400 7002 9000 74’9 9000 614;1 7800 6’702
Q 0001 00.0 6l 41.5 90.0 3L.5 57.6 747 24.8 50.7 j
N 1071 00,0 19.0 90.0 30.0 26.0 13,1 11.2 1L.2 ‘
!:’;‘3 ‘\ o 5202 4'.905 4006 5005 6702 4407 64’"3 5092
Yy - N 57.4  76.1 79.7 77,0 56.6 83.5 67.9
g ' 81.0 86.8 87.2 7.8 87.9
. 1012 00.0 90.0 11.5 27.2 32.1 18.4 8.1 i
: : 39.5 54.3 36.5 66.8 58,6 36.0 43.3
"5;;1 7166 6301 8401 6207 5802 78o2
] . . 85.0 7.0 82.4 67.2 86.8
u 1120 00,0 63.2 32.2 33.4 69.0 48.0 )
8 . 60,0, 9050 65.0 90,0 90.0 90.0 :
1013 00.0 33.3 43.3 28.2 19.5 i
30.5 63.0 61.6 48.4 42.2
53.8 85.8 73.1 56,2 70.2
630], 8707 860—8 8201
S 1122 00.0 31.9 58.0 25.2
. 50.0 55.4 6l.1 70,2
64.3 81.9 79.8 76.7 ;
85.8 ;:
X 2021 00.0 50.2 23.9 ;
o 30.2 68.9 43.3 ;
) 39.6 80.6 54.5 t
7' 50.9 7.8 66.8 ]
:ﬁ" Al
& 1014 00.0 26.4 ?
bt 4.6 42.7
~ 3} 4266 6506 \41
" - 49,5 75.3 ;
7158 = :
R 2013 00,0 :
N, T 31.8 ;
7 - ) 78.8 :
. 87,2 :
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of pure iodide titanium is cold-rolled to iniroduce sirsiis inic tue L.k metas.
TR . It is sealed into a vial of fused quartz either in a vacuua or in an irert
atmosphere, and the whole is heated to a temperature just above the traazition

Lo . temperature. It is then cycled above and below the transition temparature rfeor

5 ‘ many hours. This constant shifting of the atoms in the metal from c..¢ phase
to the pther tends to "jar® them into a preferred orientation delsrmuied by

the st:g;ns in ‘the metal,

After the crystal had been received by this laboratory it was meunted on
;n X~ray camera, and oriented by the lauwe back-reflection method. In this
method a thin ﬁencil of 40,000 volt X-rays passes through a hole :n 2 phcto-
~graph{c film and_strikes the surface of the crystal. The resustant reflccted

A

X-rays fall upon the: photographic film. The selective reflectien of the X rays

o+
14

e from planes in the -crystal creates reflected beams that register as speta o

v N

tﬁe phﬁt&grgbhie £i1m, each spot corresponding to a particular :ryctal plene.
Figure 3 is a set of prints made from the X-ray negatives for this crystal.

A is the initial photograph. The white dots correspond to the X ray beams,

. : The spot in the center is due to the hole in the film through which the wnsntial

gfray beam passes. After tentative calculations were made to upprosizate the

,prientation, the crystal was rotated, and negative B was exposed. It 1.

apparent from the approximate two-fold symmetry that this exposure cirresponds

é‘ R < tb the Qiiofplane,~which is the side of the crystal as depicted 1r figure Z.

* In faght, the ratio 'of thé distances between the four major spets on “h.. neg-

‘£ ,-( ative is 1.58 and G/A for titanium is 1.588. The crystal was thern rotated 90

5:* . degrees and exposure C was made. In this picture the spot for the 000 plane

>

i
!
(the ultimate objective) may be seen in the lower right hand cormer. The cry-
' i
: stal was once again rotated so’as to bring this spot into ine :enter £ the film
1
!

with the result showp in picture D. Note the six-fcld symmeisy c.rie..onding to
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° i the 0001 faes or the top of th2 crystal as shown in figure 2.
i
"4‘f The érystal, having once been oriented, was then cut parallel to taz 0001
el

§ ' ' face with a high speed rubber=based wheel, provided by the A. F. DiSa.nu Company.
! Other cuts were also made to facilitate mounting the crystal. The fa.e of the

i

crystal was then prepared by grinding it on metallographi. paper until -he face

showed no scraiches deeper than thoseé caused by #4./0 paper.

- The appearance of the surface at this time can be seen 1n figure . These

‘ i are photomicrographs taken of the crystal surface at a magnification of 2000x.
Vertical illumindtion was uséd to bring out the character of the surfate. The top
4 ' .exposure was of the crystal surfaéé after it had been abraded with the /0

- ‘ gpafpe‘r° That this gives a sufficiently smooth surface 1s apparent from the

othér two. photomicrographs. The center exposure was taken after the crystal

/- had been etched in 50% HF and 50% glycerin for approximately ter secondz. The

l ‘béttomjéxposure corresponds to the results obtained from etching the crystal fifty
o . seconds. The ctrystal was etched for a total of 120 seconds but no further improve-
‘ .ment was debedted. Note that the etch pits become larger as tlie crystal becomes

flabter; indicating that the chemical action takes place aloung the surface much

: " faster than into the bulk material.

The grooves on the crystal face which can be seen at the bottm I figure 4
. . .torrespond very well to the equilateral triangles which are characterisii. of *he
0001 face in the hexagonal structure (see figure 2). These lires, particulariy

A at the upper right of the photomicrcgraph, correspond also to the oix fold

symmetry apparent from X—ray'D, figure 3.

On the basis of the evidence described above it was concluded *liat the cry

stal was 31ngle, containing no detectable amounis of poly .rysi:o.lre lltanlum
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Furthermore; it was oriented in such a manner that the plane of the surface was

parallel to the 0001 face. This face was the one used for the diffraciron

_studier discussed here.

i

r investi-~

*, During the course of a diffraction experiment the crystal arie

gation ﬁustﬂbg heated in vacuo; usually by electron bombardment. Ii. the case

d?“titaniﬁq thiss “Lntroduces two interesting problems.

In the first place; X ray crystallographlc_datas shows that titaun.um under-

~gpes;a,phase«changé somewhere between the temperatures of g50°  90c%, (Depend-

;pg upon ‘the amount of impurities present in the crystal). A: the ‘ransition

temperature the atoms in the crystal shift from a ¢losely packed hexagenal

structure 6 -2 body ¢entered cubic arravu It is necessary, therefore, to main-

‘tain outgassing temperatures below this transition value, as there is no
gusrsntee that the crystal will return to exactly the same atomic configuration

ohcelitihas undergone the transition. On the other hand, the amount of gas

that car be removed from a metal crystal is dependent upon the temperature to

2

Which it..can be heated. The problem, conseguently, becomes one of hea*.ng the

crystal as hot as possible, being certain, however, that the temperature never
¢
reachés 850°C,

Thé second problem evolves from the fact that titanium amalgamates wiin many
othér metals, some at rather low temperatures.

It was necessary, therefore, to

mount the crystal on a metal which has no eutectic with titanium below QOOOCu'

Fortunately, the solution to the second problem served as a sciuticn to the

7f;psty It was found fhat molybdenum could be used for the crystal mount.rng as

this metal satisfied the requirement mentioned above. It was aic. foand that the

-

molybdenum-titanium junction could be used as a thermocouple since the

s+
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. thermoelectric potential varied from approximately 1 mullivolt af 20° ¢. to 10 v
« .millivolts at 800° ¢C. Figure 5 is a plot of the calibration of thé titanmium
molybdegqn; thermocouple. It should be noted that the thermocouple could not be 1
used above 850o C..as it behaved very erratically in the neighborhood of the J]
v transition tempezsatureo ‘
. ?:
'Tpe crystal was mounted on a molybdenum block having approximately four
" times the bulk of the crystal itself. This, in turn was attached by means of
a thin molybdeniim shaft to a cldmp which was wired to the end of a g.lass tube.

The thin metal shaft prevented excessive heat conduction to the glass.
b
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: CALCULATION OF ELECTRON DIFFRACTION BEAM

S | Thg?yépiq@;'bigfraction Knowledge of the crystal form and the lattice constants

\fBegmghfrom the 0001 Face of titanium makes pessible the calculation of expected

<

diffraction beams for the range of voltage tc be used
(in this. case 0-250 volts) provided that the orientation of the crystal with res-

pect to the incident beam is known,

bl

The diffraction face is defined as a crystal plane perpendicular to the inci-
dent electron beam, and the diffraction azimuth as a crystal plane pérallel to the
’piane‘Which’includbs both the incident electron beam and the particular reflected
¢ -electron beam considered. A little thought will show that if the face and azimuth
ﬁ are kﬁowﬁ, the orientation of the crystal relative to the electron beam is complet-

e *»J&udgﬁtk@#h@@g 1t should: be rémémbered that while electrons are reflectzd through-
},-«» ‘l ~ -

® out an éntiré hemisphere, the reflected beam is comprised of those electrons which
o .

*grefﬁéfiéctéd'into the Faraday collector., Thus the plane of the incident and reflect-

w7 - ed -electrons may also be thought of as the plane in which the Tﬁraday collector is

rotatéd.

£

In this investigation .only the 0001 face was used. The analysis which follows

will, therefore, deal with the azimuths of this face.

¥ ‘ fngré 6 shows the arra. gement of atoms in the 0130 azimuth. The relative size
1of‘t}ig circles indicatés the arrangement of the atoms within the lattice. The

-

positions :of all the diffraction beams in this azimuth can be determined by con-
N DO 3 ) {
e gidering three consecutive planes of atoms., Therefore, only these have been in-

cluded: in the figure.

Y t . ?he,cqn&ition,for constructive interference between electrons reflected from
BN « twp«aﬁéms»is that the path differance be equal to an integral number of wave leng‘hs.

Tﬁﬁs;for the two atoms at the top left (figure 6) the path difference is
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| A &= sin 6.
2
"'
- Thersfore:
N1>\=%si.n @, for constructive interference.
' A= 150, .4 - £ ; ‘ . o
Substituting A= —-‘}-and A =2,950 & into the above equation, one obtains
V= 68.9 lex (1)
oo sin?e
for the relationship between V and 6 at constructive interference.
Q
B, . Tor the atoms on the left side (figure 6) the path difference is
»'"‘, - C/=-2q-.(1 + cos 8),-
By g
M Therefore
. * )
Z ‘o T ¢ .
+ NyA=-2 (1 + cos )
v where C =4.683 A, Substitution of values forAand G yields
2
- -
. 27,3 N2
- e, (2)
3 S (1 cos @)
) : It should be noted that when the condition for constructive interference is
" ' 'satisfied betwean two atoms in the first layer, it is automatically satisfied for
.. all atoms in the first layer. This situation is also present with respect to the
h 'éonsfruqt’ive interference between atoms of the first and second layers. Exiension
?, (o * of this idea: leads t6 the conclusion that the diffraction conditicns for the o1lic
gl - adinuth of the Q0L face are complétely determined by equatiors (1) and (2).
:} ’ 5" . 3
Rt T
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Figure 8 is a set of graphs of equations (1) and (2) for varicus vaiues of V

and ‘9: Bach curve represents a particular value of Ny or N2. The intersections

of these curves represent values of the paramaters V and & for which the construc-
¢ ~

tive interference condition is satisfied between all atoms. It is reascnable to ¥
expect, therefore; that the intersections will correspond to maximum values of

reflected electron current and hence, to the diffraction pattern itself. |

.

: Figure 7 shows the arrangement of’rhe atoms in the 1120 azimutn. _Since the
{

5 ‘path difference is
i ’ \
. * the gonéition for constructive interference between the two top atoms is '
3 A= -+ 4 sine,
‘or g =2u12 N;_?' o (3) :
! sin? @ .

Constructive interference between the 'bgp and bottom atoms in the same figure

‘is satisfiéd whenr

N2215G : (4)
02 (1+ cos 9)2

o V=

The last set of atoms to be considered in this azimuth 1s that made up of the
atoms- in thé top and center layers. In this case the interference condition may be i

éxpressed as

=7 S A
“ N3/\ :% (1+ cos @) 7;3- sin &,
YR Y AT T A 'r‘a e AT T T AT T A, 4,1"“ T -1. O R T T T P B T L L RS
4 'd .\,3‘.‘,{,‘5; Vs _‘._,*,,':»4; L ﬂ-_f);“.;;_\}x_ ._;’_?‘t\(‘ A SR { S K £ RRAN d
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‘ 150 N4°
or V = , v
2 (1 + cos ©)2 \7— (sin 8) (1 + cos ©) +“‘Sm‘2 6 . (5)
4
Figure 9 is a set of graphs of equations (3), (4) and (5) for various |
values of V and' &. Each curve again represents a selected value of Ny, N, or Ns.
The diffraction maxima are expected to occur at the intersections of these curves
as in the case for the other' azimuth.
Due to the dsymmetry in the 1120 azimuth (see figure 7), the diffraction
pattérn will not be symmetrical when negative values of 6 are included. It is
necéssary, therefore, to calculate the conditions for constructive interference
for negative values of &. The only difference introduced by the assymetry lies 4
in the interference condition between atoms in the top and center layers. This
%\ interference condition may be expressed as )
o C - A
* . ng}\-— 2(1 + cos 8) +7§sm e
or _— 150 N4 J
CA I :
-2- (14- cos e) +7—-(51n 9) \1 + cos 8) +-3-— sin & . (6) :

‘Figur;e. 10 is .a set of graphs of equations (3), (4) and (6) for various

-values of V' and €. Each curve represents a selected value of Ny, N2 or N,
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THE VACUUM SYSTEM

,

The Requirements It has been well established that titanium has a great

. of the ngtem affinity for most gases. This property has, in fact,

[<}

]

béen exploited to advantage in the use of titanium as a
getter; This effect has been studied by many investigators. For example,

Gulbransen and Andrew® reported that the reaction

Ti # HéO + 002-—i> T1.02 + H2 + CO

. O
takes place at temperatures up to 800 C. and higher at pressures of 10~ mm.

of mercury.

A

Information of this kind serves as an indication of the problems in-
;olvéd 1ﬁ outgassing a titanium crystal. Since higher temperatures cannot
be. attempted because of the alpha to beta transition mentioned earlier, any
hépg‘of reversing such a reaction lies in obtaining the lowest possible

. Ppregsure.

. -

>

An important consiaeration involved in the design of a vacuum system
for electron diffraction surface studies is the possible contamination of the
~sé@ple.undeﬁ'igvestigation, Since little is known about the decomposition pro-
'duété of diffusion pump oils, it seemed désirable to use a pumping mechanism

which introduced no contamination or, at worst, a known contaminant which could

RIS

subsequently be controlled.

For this reason, an all-glass, mercury vapor diffusion pump vacuum system

- was designed. The mercury was purified in an oxifier and filtered before fill-

", ing the pumps, and when l.quid nitrogen was put in the traps there was no con-

tamination introduced into the experimental tube since the vapor pressure of

mercury 4t liquid nitrogen temperature ( ~190°C. ) is 1.7 x 107 mn. of He.

: S
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In addition to the vacuum system proper it was necessary to design a gas

inlet system so that purified gases could be released into the experimental tube

'over a wide range of pressures. It was also required that these pressures be

. maintained for relatively long periods of time. The way in which these last

problems ‘were solved is described in the next section.

The Completed System The final system is composed of Pyrex glass, each com-

ponent having been cleaned at least once and in some
cases four times by f1111ng with a saturated solution of potassium dichromate

in concentrated sulfurlc acid for a period of not less than twelve hours.

‘“This.was followed with five tap-water rinses and ten distlilled water ringes after

Lihich thé ends of each piece were covered with aluminum foil to keep out dust

and the wholée was dried in an oven at 1500(3° A1l the components of the vacuum
system were hung on a pipe framework separately and then sealed together, care
bé%hg takén to anneal all the joints so that the whole assembly would be under

48 little strain as possible,

It‘shéuld be noted that filter paper was substituted for aluminum foil

fqr capping the énds of the glassware once mercury had been put into the sys-

“ tem. It was found that the mercury vapor reacted with the alumirum foil to

form 4 white powdery compound.

Figure 11A is a block diagram of the vacuum system. The inclusion of all
four traps in one flask cuts down the 1liquid nitrogen loss and allows the
vacuum system to operate unattended for three days. Both fore-volumes are
five liters so that the pressure incfeése in the fore-volumes, once the system
Id& been pumped down, is Qegligible over, this period. The three mercury dof-
fusion pumps are heated by egternal electric heaters., These heaters are

normally operated on 110 volts a.c., but are connected by means of a reiay to
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28
stand-by batteries which will operate the pumps in the event of a power failure,

I

N

Figure 11B is a diagram of the arrangement of stopcocks which comprise
. part of the gas-inlet system. The top part of the figure represents the fore-

pump line with double circles indicating vacuum stopcocks. The lower part of

. the figure represents the gas—inlet line. Two different size volumes allow dif-
. ferent amounts of gas at atmospheric pressure to be released into the second
». fore-volume, making a wide range of fore-volume pressures more easily obtain-

. : able. The connection betwasen the gas-inlet stcpcocks and the fore-pump lins

allows the gas-inlct system to be evacuated with the fore-pump.

S ) Figure 14-is a diagram of the mercury cutoffs. By raising and lowering

the mercury reedrwods; various pumping arrangements can be had. This config~

¥

urajion provides the follewing combinations.

” level of #1  level of #2 result

, ) : a). : (0) (0) evacuation of second fore-
: ‘ ‘ volume and experimental tube
2 , b) (1) (1) evacuation of experimental
o e . ' tube, second fore-volume
C e : isolated

) c)’ (0) (2) evacuation of second fore- !

: volume, experimental tube !
o isolated
o » a) , () (0) pumping from experimental

tube to second fore-volume \
both isolated

y These combinations have the following uses.
C o4 L

w ’ &) - initial evacuation of the system

i _ b) - admission of gas into the second fore-volume
» - ¢) - evacuation of the second fore-volume

y d) - circvlation of gas for adsorption investigations
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Figure 12 is a photograph of the vacvum system. The diffusion pumps
;“ (wrapped in alumimim foil to minimize heat loss) are from left i right aumbers :
3, 2.and 1.

o Special Comporents “"Figure 13 is a diagram of the gas leak through which the

%
N

test pases may be admitted to the experimental tube. It
consigts of an unglazed porcelain tube, sealed by a Nonex-Uranium-Fyrex graded
segl'to a }ead from the second fore-volume.  The porcelain tube extends
balow tﬁeflevel of thesmercury in the surrounding glass tube. As the level
of the mercury is lowered or raised; more or less of the porcelain is exposed
‘ varying thé rate of gas flow from the second fore-volume, through the walls of

Cthe porcelain tube, to the experimental tube.

Figure 15 is a graph of the resulting tube pressure as a function of the

S - -

1§né£h of pgrecelain tube exposed. Each’of the curves represents a different

fore-pressure.

: Foo .
k" By setting the:dutoffs #1 - (2), #2 - (0), the gas is circulated back

PoYE through pumps three and two into the second fore-volume and any pressure from

T
s

S

Ifa'ﬁp 10-9 mm. of Hg. can be maintained in the expgriﬁental tube for any in-

429

ey

)i

definite length of time. The accuracy with which the pressure can be adjusted

is limited gnly by the accuracy of the gauge or gauges measuring it.

Four y&éuum,gauges have been incorporated into the vacuum system. One of 3

,;:i ” ) these, a McCleod gauge, has a range from 1071 to 107° ., of Hg. and includes

» a -closed. tube manometer, reading from atmospheric pressure down to 1 mm. This

“gauge 1s connécted directly to the second fore-volume and is used primarily for ?
measuring the pressufé of:the'test gas before adsorption rune are mades It may,

however, be used to calibrate the Pirani gauge and the VG-1A ioniza*ion gauge
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on the experimental tube. This is accomplished by opening the leak wide and

* waiting for equilibrium, under which condition the McCleod gauge will read the

rpressure in the experimental tube.

The Pirani gauge on the experimental tube is used to measure relatively
high test—gés~§réssures and has a range from 1072 40 10 mm. The second

1
gauge on the experimental tube is a VG-1A ionization gauge used for measuring

low tube pressures. This gauge has a range from 1077 to 10'8 mm,

‘ |

The third gauge, an ultra-high-vacuum (UHV) gauge on the experimental
tube is an ionization gaugé of new design, which, it is hoped, will measure

-11

pressurés as low as 10 mm. This gauge is the M.I.T. version of the Bayard-

Alpert type ionization gaugeg, which utilizes a thin wire ac the ion collector.

‘Figqré 16 is a photograph of the glass eﬂveiobe of the experimental tube.
The UHV gauge can be seen in the center of the picture suspended from the

tube. ‘The other gauges flank the bulb with the VG-1A on the near side and the

Pirani,gauge on the far side. The 30 inch diameter coils,visible in Figure

Ifyarq Helmholtz Coils used to compensate the magnetic field of the earth.

’
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THE EXPERIMENTAL TUBE
Construction Techniques After the individual parts had been cut uut ac-

cording to specifications. given on the parts draw-
ings, they were fitted together in a trial assembly. This served two purposes:

it indicated what alterations were necessary in order that the parts fit to-

.gether easily and"it allowed the assembler to become familiar with the opera-
tions involved. This was an important consideration as the final assembly had

to be carried out without the parts being touched except with filter paper and

specially clsaned tools.

Before the final assembly the parts were electro-polished _n a solution con-
ﬁsiSfing'of 4L0% ortho-phosphoric acid and 60% glycerine. A strip of stainless

_steel sérved as the cathode. Aﬁter the polishing was completed the parts were

A o washed in hot. tap water and then boiled in several rinses of distilled water.
0] - ' ‘

: g” . ‘The parts were then spot-welded together using clean molybdenum electrodes,
) J‘C ' ¢ °

taking care to hﬁndle them with clean tools only. Further precautions included
the following. The sciles, which could not be electro-polished without loss of

clarity, ﬁerq ¢leaned in ether of high purity. Quartz, which was ﬁsed for its

%g‘ : insulating propertiés, was heated to white heat just before the final assembly
% “ B 3 .

) to minimize leakage. The glass rods and spacers were cleaned in the usual manner
) *  as described earlier.

290 , |

4""’ M

N L The above progedures insured the absence of greases or other foreign matter
s )

gﬂﬂfm“ : from the .experimental tube. These might have a high vapor pressure and thus
el ' , o

3%;; ‘ make it impossible to obcain the best vacuum conditions, or migh* contaminate the
aﬁkﬁ o, - crystal.

s

“ by’bendiﬁg 2 short'right anglesifi orie- end of éach rod and sealing an exira spacer

PN " After the parts were assembled on the four glass rods, they were keld tcgether

i
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to the other end.

The Geometry Figure 17 is a photograph of the principle parts of the ex-
perimental tube. All metal parts unless otherwise noted were
constructed of Chromel A. The metal parts were strung on four Pyrex rods (4 mm.)

and were separated by means of spacérs cut from Pyrex tubing (7 mm.).

The drum, which provides an electrostatic shield for the crystal, can be
-gedn Just to the left of center in the photograph. The Faraday collector box

which collécts the reflected electrons rotates around the drum and can be set at

‘any angle from 15 to 90 degrees with respect to the axis of the experimental tube.

The scale, provided for reading the collector box (colatitude) angle, may be

seon. on the opposite side of ‘the drum.

To the right ofj center is the electron gun. This gun was deSLgnedlo to
provide’ a well ébllihéted monochromatic béam of electrons. The electron emitter

(tungsten stwip) is located off the axis of the tube so that contamination which

might be introduced by evaporation from this emitter would not reach the crystal,

iy;
The smalleér glass tubes apparent on the right side of the photograph pro-

.~ vide an insulated path for the various potential leads.

‘The 1¢uﬁ§mgy drawing shown in figure 18 gives an insight into the opera-
tion. Electrons leave the collimator shown on the right, epter the drum through
3 ,
the Slot in the front and are reflected into the Faraday cq}lector, as indicated

-

by the arrows.

The colléctoi is composed of two approximately rectangular boxes insulated

from each -other by thin quartz plates. The electrons enter through coaxial

holés cut through the outer and inner boxes. These holes are 1 mm. and 2 mm. in

vdiémeter, respectiveiyo The lead to the inner box (wavy line at the top of the
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drawing) is surrounded by quartz tubes from its origin at the re-entrance seal
(not shown). to its terminus in the inner box. This provides insulation from
the other metal parts ag well as sﬁielding from stray electrons. The whole
collector assemb}y can he rotated by means of a chromel rod connected to a
nickel slug (not:shown) which is sufficiently far from the drum assembly to

obviate any magnetic effects in the region of the electron beam.

?he crystal shaft a2nd mount are also operated by means of a magnetic con-
trol. This consisgts dT‘another nickel slug located at the far end of the shaft
(glass tube). Here again the shaft is long so that, the nigkel will have a neg-
ligible effect upon the magnetiC'field in the vicinity of the crystal. This con-
trol pérmits the?9§ystal to be rotated for dif}erent azimuth settings (for which
another scale is provided) and also allows the crystal to be withdrawn from the

drum for bombarding.

Ihe Electrical Figure 19 is a schematic diagram of the electrical circuit.’
Girépit The multi-gang switch in the center of the drawing has three

positions which correspond to the three principal configura-

tioné: shut~down, {electron -diffraction and contact potential.

1

The positioh shown in the drawing corresponds to shut-down. In this case

all the tube parts are maintained at the reference potential which is -3 volts.

The next switch position is used for the diffraction measurements. In
this case the crystal and drum are connected to the galvanometer so that the

electron current to them can be measured. The ¢oliimator is set for the desired

accelerating potential as read on the voltmeter. The two ancdes of the electron

gun are maintained at 674 volts positive with respect to the filament and the

' deflector is get in the neighborhood of 100 volts negative.
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The collector box is operated at a retarding potential so that only those

electrons enter the inner box which were elastically scattered from the cry-
stal. The current to the inner box is measured by means of a d.c. amplifier of

sensi.tivity'1.0"'1/+ amps per millimeter galvanometer deflection.

The third position ties the drum, collimator, anode and deflector to 67%
volts positive and allows the crystal potential to be varied. This arrange-
. mertt is used for contact potential measurements by the electron gun methodllo
?His method c;nsists in obéerving the current to the crystal as a function of
cerystal potential, with all other variables fixed. An increase in work func-—
tion. (expressed in electron volts) of the crystal requires the crystal
potential to be increased by the correéponding voltage, in order to obtain

the original erystal current.
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PRELIMINARY RESULTS

R Since the experimeétal tube has been in operation for only a relatively é
*;( short. time at this writing, the results discussed here cannot be considered con- :
?_‘ clusive. A much more thorough investigation is required before definite state- }
*g: menté concerning the surf;ce structure can be made. %
;ﬁéf Method of At any one stage in the outgassing of the crystal there are four J
N Ogbrgtioﬁ princibal variéblesﬁinvolved in the determination of the dif- j
fract?on‘patterp, provided that the electron current to the cry- j

. stal and drum. is héld constant throughout the investigation. These variables ?

‘ are the azimuth*angleg thé colatitude angle, the electron beam voltage (or wave- l

length) and th; reflected electron current (usually referred to as the deflec- %

tion), Huriné an investigat{on'the procedure consists in holding two of the J

'ﬁirst thre; vqrﬁaples~constantAahd measuring the change in the deflection as a J

fuhqtion of the third. %

At each value of'volﬁége the current to the drum and crystal was max- ’

i;ﬁf V' imized with respect to the potential on-the deflecting electrode of the elec- j
Ei . tron gun. Throughout the investigations the Helmoholtz coils were cperated at %
;%ﬂn ’ the current requited to compensate for the earth's magnetic field as indicated J
j;: 3 . by’ previdus tests with a dip needle. }
5 |
f’? Before the experimental tube was. operated it was baked for several hours %
%%’ N i at a temperature of 350°C, using electrical heating tapes which were wrapped %
52; " around the envelops. The £ube pressure after baking was approximately 3 x 10"’7 j
?‘;f - mm. -of mercuty while the envelope was still hot. f
Bh ;
:;;;' . AChghgqg in the Diffraction In order tu observe the zhange of a diffraction %
;%g« ' K ’ B?ams with Ogggéss?qg. beam with outgassing, the location of a é
}

I S s e e e R e L '}
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principal beam was estimated. This was accomplished by approximating the setting

of the azimuth angle corresponding to the 0110 azimuth, on the basis of the final
" X-ray photogréPP (figure 3D). Reference was then made to the theoretical curves
for this azimuth (figure 7) in order to obtain the vollage which cbrreSponds to
a theoretical 5eam° It was decided that 135 volts offered one of the best

possibilities.

Figure 20A is a curve representing the variation in reflected electron in-
tensity as a function of colatitude angle. This curve was taken before any
- outgassing of the crystal was attempted, and it shows the usual cosine depend-

ence of tlie reflected intensity upon colatitude angle.

Figure 20B is a curve taken at’the same voltage and azimuth angle, but after
the. crystal had beén bombarded for 50 hours at 3 watts (450°C°)° Irregularities
in thé region .0f 40 -degrees indicate that a large part of the gas agglomerated
on:'the surface of the crystal ﬁas been removed gllowing the more regularly orient-
ed atoms to alter the deflection., The tube pressure prior to the end of this bom-

barding was approximately 2 x 10'7 mm. of mercury.

Figure 2OC;is a third curve taken at 135 volts and at the same azimuth
setting. This shows the effect of bombarding for 6 hours at 9 watts (700°C.).
The 40 degfegfbegm has been strengthened considerably and another beam has ap-
peared in the neighbozaood of 20 degrees. The tube pressure at the end of this
outgassing period with the crystal at 70090 s was approximately 2 x 10~7 mn. of

| mercury.

b - Additional outgassing for 24 hours at 720°C. had little effect upon this

- & . beam although it strengthened other beams which will be discussed below The

BN tube pressurs at the end of this outgassing perisd (the last prior to this
> -t
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g‘ o ( writing) was 9 x 107" mm. of mercury'w;th the crystal at 720°G.
§j”\o Pgdk\[é;;gtion After the above outgassing a random search for diffraction
g-" ' gﬁi&;Vpltage ‘peaks inéicated that several lay along the dotted curve
3) Ny =3 kfigure 7). Further investigation showed another
4 set which fitted the N, =1 curve in the same figure. On the basis of this it
g: was tentatively assumed that the diffraction beams corresponded to the 0110
4 azimuth. Further investigations have thrown some doubt upon this conclusion as
% ‘ will be showp later.
§: It was decided, however, that a thorough investigation of the variation in
:?} ; 2 ”ﬁéék intens}ty'With voltage should be made. The N, = % curve was the subject
Q. "+ of this investigation with the result shown in figure 21A. At each value of
g; “voltage the_¢6iatitude angle was varied until a2 maximum deflection was obtained.
;gi The crosses indlcate the colatitude angle at which these maxima occurred and
§M the circles shnw the relative intensity of the reflected electron current
g. (deflectioﬁbx. The four maximized peaks occur at
T~ ” 35 volts - 40 degrees
gl 67% volts ~ 28 degrees
gk 821 volts - 25 degrees 5
%iy:ﬁ - .105 volts - 23 degrees. j
gf‘ . Andthér,principai.peak not shown in the figure was found at
g% 95% volts ~ 601 degrees.
‘* ) >- The fact that. the positions of the maxima followed the Nl surface curve for

~ the half Order'indicates that the diffraction pattern wgs the result of an arrange-

ment of atomg in the surface plane and that these maxima resulted from some

‘sﬁrﬁcture otper than that of wtitanium, such as a déuble spaced gas layer.
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47 |
. On the basis of this tentative hypothesis the azimuth angle was changed

by rotéting the crystal 90 degress. It was expected that this would correspond
to the 1130 azimyth for which the theoretical curves are given in figures 9 and

10

.Aftér a peak ‘had been found in the same region as those in the other azimuth,
the sgmelvoltagé méximizing procedure ‘was repeated with the results shown in
. fﬁéuré 21B. In this azimuth the four maximized peaks occur at
S | 37% volts - 34 degrees
( 67% volts -27% degrees
80 volts ~25 degrees
b g 102%1 volts —23 degraes.
- At this point the remarkable similarity between the two curves (figure 21A and
\;B).ias‘goticeda Ngt only did the peaks follow the same surface curve and
o occur at the same voljages, but the intensity curve in B was a good repetition
of‘thg'infens;ty‘cqrve in A. To substantiate the similarity a search was made

for the fifth~peak found in the other azimuth with the result that a peak was

* found ifi the 1120 azimuth at

. AR " 921 volts - 59% degrees.

Spot checks of peaks at an azimuth angle setting 30 degrees from the
orlglnal setting contributed additional evidence to the fact that the antire
fdiffraétion«paﬁtern was repeating every 30 degrees in azimuth rather than every

60 degrées'asﬂthe*hexagénalshructure predicts.

The Azimuthal + At this s’age in the investigation it was decided that one of

Curve the most defirite ways to settle the question of the repe-
‘ $§ticn of Jhe pattern every 30 degrees would be to select one j
;U'VV diffraction maximum and study its behavior as the azimuth angle was ctanged in
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small steps. This was accomplished in the following manner. The voliage was

set at 67% volts and held constant, and the crystal was rotated a few degrees at

a time. A% each setting the deflection was maximized with regard to cclatitude

angle, TFigure 22A is a colatitude plot of the peak investigated and figure 22B

is a plot of the pesak intensity for various values of azimuth angle. The twelve-

f£old symmetry in the pattern is immediately apparent.

Since this curve took several days to complete, correctiuns were made for
intensity changes over this period. This was accomplished by referring to former
values of intensity which had been established in earlier portions of the curve.

These corrections have been incorporated into the plot.

The Question of Twelve- When considering the foregoing data, one should not

fold. Symmetry conclude that the arrangement of atoms on the surface

of the crystal exhibits twelve-fold symmetry. In the

first place such a conclusion would lead to the necessity of assigning a unique

axis of %otational symmetry to the array. This situation is highly unlikely as

it violates one of the principles of crystal structure, namely the requirement
that any atém may be ur:d as fhe origin of the coordinate system which describes
the array. In addition such a postulate would require that the axis .f rotation-
al symmetry coincide with the axis of the shaft on which the crystal is mounted,
and, furthermore, that the electron beam lie along this same axis regardless of
the azimuthal angle through which the crystal is rotated, Since 1t 1s highly un-

likely that any one of these requirements is satisfied in the experimental

apparatus, the possibility of twelve-fold symmetry may be elininated at onceo

This does not mean, however, that the diffraction pattern cannot exhibit

b

twelve-fold symmetry, as the requirement for this must be statsd in a different

way. This stems from the fact that the diffraction pattern for a given azimuth
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é . is determined by the projection of the atcins onto the azimuthal plane. The

. ) question, essentially, is the following one. Does there exist an arrangement of

- : atoms in a plane‘Such that the projections of these atoms onto a set of lines,

| which are 30 degrees apart and lie in the same plane, produce a set of equally

spaced points whose separation is the same along each line? It hLas been demon-

. strated ﬁaﬁhematically that no such arrangement exists*. Much further investi-

S
P

gation is required before the arrangement of the surface atoms can be determined.
?rosggctive' While a multitude of investigations on the titanium crystal lie
ahead; there are two more imminent than the rest. Firsh,‘the
' compléetion of the study of the diffraction pattern that exists at this time, and
second, an attempt to outgas the crystal further, not by heating wo a higher

2

‘temperature, as the alpha fq beta transition prohibits this, but by oblaining

i~

& lower pressures in the experimental tubs.

e . Lo b is %o be hoped that the present results will appear more conclusive in

4he light of those which are to follow.,

IRERSER

i
gt

RPN

# William Iister, Assistant Professor of Mathematics, :
Brown University . (Private Communication)
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